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Abstract 

A new Monte Carlo atmospheric flight gust loads analysis approach is presented. The procedure uses 
forcing functions that were derived by extracting the short-duration, turbulent components of 
measured wind profiles. Over 1000 forcing functions were used in each analysis. The load analysis 
results were analyzed statistically to establish the 99.7 percent enclosure, 90 percent confidence level, 
load values. Results are presented for a medium lift launch vehicle and a heavy lift launch vehicle. 
Loads for various altitude bands, time of year, and the Eastern Range and Western Range launch 
facilities in the United States are compared. Also, the Monte Carlo results are compared to a 
prevalent synthetic gust analysis approach in use today. 
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Nomenclature 

C aerodynamic force coefficients, dimensionless 

[Cp] system diagonal matrix of partial derivatives of C with respect to angle of attack, rad"1 

fc gust frequency, Hz 
{f(t) } vector of system external force, lbf 

{/(/)} vector of system external force other than wind forces, lbf 
[/ ] system modal mass matrix, lbm 
[N] system aerodynamic stiffness matrix, lbf/rad 

[N] system aerodynamic damping matrix, lbf-s/in 
Q dynamic pressure, lbf/in2 

{q(t)) vector of system generalized coordinates 
5 reference area, in2 

t independent time variable 
v velocity, ft/sec 

z{t) velocity in the direction of z axis, in/s 
a(t) total angle of attack in the pitch plane, rad 
{r„) aerodynamic force vector, lbf/rad 
[2qco] system generalized damping matrix, lbf-s/in 
{0(0) rotation, rad 
X gust wavelength, ft 
[O] system modal matrix, dimensionless 

[co  ] system modal stiffness matrix, lbf/in and lbf/rad 

Superscripts 
T transposed 

Subscripts 
/ forced 
G gust 
j degree-of-freedom number 
p pitch plane 
RW relative wind 
/• rotation 
t translation 
y y axis 
z z axis 
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1.   Introduction 

During atmospheric flight a launch vehicle and its payload will experience severe structural loading 
from several different sources.   Among the more critical is atmospheric turbulence.  Analyses 
performed to establish launch and space vehicle atmospheric turbulence loads are generally referred 
to as gust loads analyses. 

As early as 1964, Refs. I and 2 suggested that the detailed characteristics of measured wind profiles 
be used to establish the response of launch vehicles to turbulence.  References 3 and 4 also made 
similar suggestions.  However, because of computational considerations, launch vehicle gust loads 
analyses have generally involved the use of synthetic gust profiles whose properties were established 
from aircraft response data5" or wind profile measurements.9" Reference 4 addressed the issue of 
whether gusts derived from horizontally flying aircraft could be applied to a rising launch vehicle. 
Treddenick14 compared aircraft-derived data to that obtained with vertically rising Jimsphere balloons 
and concluded that the aircraft data was more severe. 

The two most common synthetic profiles used today are the one-minus-cosine profile15 and the one- 
minus-cosine with a flattop profile.1*17 Other profiles that have been suggested, and/or used, include 
sharp-edged and linear-ramp profiles,"* '9 triangular, trapezoidal, and sine profiles (Ref. 4) and a Z- 
shaped profile.2" The appendix contains a detailed description and comparison of the two most 
prevalent profiles in use today. 

Inherent in the synthetic gust profile approach is the assumption that the synthetic profiles will yield 
loads that are equivalent to some level of statistical conservatism that would be obtained if a launch 
vehicle was subjected to a large number of the actual wind profiles. However, no analyses have been 
performed, to date, that compare loads obtained with synthetic profiles to loads obtained with a large 
number of measured turbulence profiles. 

The purpose of this paper is to introduce a Monte Carlo gust loads analysis approach that uses the 
turbulent components of measured wind profiles as forcing functions, and establishes loads of a 
desired statistical level. This paper describes the actual gust loads analyses and compares the results 
to loads obtained with the most widely used synthetic profile approach. 
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2.    New Gust Loads Analysis Procedure 

Figure 1 shows a top-level outline of the Monte Carlo gust loads analysis procedure.  The main steps 
will be summarized in this section, and discussed in more detail in subsequent sections. The first step 
was to develop two large families of gust forcing functions—one for the Eastern Range (ER) of the 
United States, located in Florida, and one for the Western Range (WR) of the United States, located in 
California.21'22 Next, gust loads analyses were performed using each of the new forcing functions. 
The solution procedure was identical to that used with the synthetic profiles, except that instead of 
using a one-minus-cosine profile, actual wind profiles were used. Finally, for each load parameter of 
interest, the peak value obtained with each forcing function was included in a statistical analysis21 to 
establish the 99.7 percent enclosure, 90 percent confidence level, load value. 

Extract gust 
time histories 

.(     Gust     \ 
I    Profiles   ) 

Perform gust 
loads analyses 

I   99.7/90   i^- 
l     loads    J 

Establish 
99.7/90 loads 

Figure 1.   Overview of Monte Carlo gust loads analysis approach. Significant 
differences from current approaches include the use of measured 
wind profiles to develop empirical gust forcing functions and the use 
of distribution-free statistics to develop the desired statistical load 
level. 
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3.    Turbulence/Gust Forcing Functions 

The turbulence/gust profiles were developed from a large number of measured wind velocity 
(magnitude and direction) profiles obtained with Jimsphere balloons (Ref. 22).   Most were associated 
with day-of-launch operations.  The WR winds database contained 1093 profiles, and the ER database 
contained 1197 profiles. 

The first step in developing the forcing functions was to establish the wavelength that represented the 
boundary between the slowly-varying wind components and the short-duration, non-persistent 
components (Ref. 21). This boundary is a function of time between when a wind is measured and a 
launch vehicle flies through it.  By removing from a measured profile the longer, more persistent 
wavelengths, one is left with the short-duration, turbulent components.  Because turbulence changes 
fairly rapidly with time, loads due to this portion of the wind need to be treated statistically. 

Once the slowly-varying portion was removed, profiles corresponding to 6,000 ft of altitude were 
extracted, and the ends were tapered to avoid step inputs. It should also be noted that for the purposes 
of this study, the forcing functions were developed from the magnitude of the measured wind, 
without considering the wind direction and its relationship to the launch vehicle flight axis or 
azimuth.   For each altitude band of interest, over 1000 forcing functions were developed for each 
launch range.  Complete details of the forcing function development are presented in Ref. 22.   Figure 
2 presents a typical profile.   Forcing functions were developed for the 32000-38000 ft, 36000-42000 
ft, 38000-44000 ft, and 42000-48000 ft altitude bands. 

15 
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Figure 2. Example of turbulent component of Jimsphere balloon data. 
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4.   Equations of Motion 

The gust loads analyses were performed with the same assumptions as used with the synthetic profile 
approach.  The turbulence/gust was assumed to act normal to the launch vehicle longitudinal axis and, 
thus, it represented a time-varying deviation from the relatively small vehicle angle of attack due to 
the vehicle's motion through the air.  It was also assumed that the launch vehicle was immersed in the 
turbulence/gusts instantaneously.  Therefore, the turbulence/gust velocity profile became a time- 
dependent modulation of the local angle of attack along the length of the vehicle.   Experience 
indicates that launch vehicle structural dynamic and aerodynamic properties do not vary significantly 
during the 6,000-ft altitude bands used in the analyses and, thus, a model with fixed parameters was 
used. 

The dynamic models were developed by component mode coupling the launch and space vehicle 
models.  The equations of motion obtained, in generalized coordinates, can be written in matrix 
notation as 

[I}{q(t)} + [2gco]{q(t)} + [(02]{q{t)} = [*]^{/(f)} (1) 

and where [<J>]    is the modal matrix that transforms the forced physical degrees of freedom (DOF) of 

the launch vehicle model to generalized coordinates. 

To facilitate the presentation, only the pitch plane equations will be presented.  The yaw plane 
equations were derived in a similar fashion, and no coupling between the two planes was assumed.  In 
the launch vehicle coordinate system, the aerodynamic forces at the; th degree of freedom, pitch 
plane, can be defined as 

fj(t) = QS 
da 

CCj(t) (2) 

where the total angle of attack at the; th degree of freedom is given by 

, ,      V(f)      Zj(t) 
a.(t) = + 0   .(0 

J v v J 'J 

(3) 
V V 
RW        RW 

The aerodynamic normal force coefficients, Cp, for the vehicles considered in this paper, were 
derived from wind tunnel test data.  By substituting Eq. (3) into Eq. (2), we obtain 

[fpU)) = QS[Cp] 

( ■ \ 

v(t)       z(t) 
{/)_LL_,_LL} + {0v(,)} 

V     V
RW      VRW 

(4) 

Substituting Eq. (4) into Eq. (1) yields 

17 



(              ■     \            (    ?             \                     v(0 T ~ [!]{q(0} + [l2gw] + [Npl){q(t)) + ([a} + [Nl,]){q(t)) = irp} + [*]/{/(*)} (5) 

and where the aerodynamic damping, [NP], aerodynamic stiffness, [Np], and generalized pitch gust 

force, {r„} , are given by 

[Np] = -^-[<I>tz)
T[Cp][<t>tz} (6) 

RW 

[Np] = QS[t>tz]T[Cp)[0l7] (7) 

{rp) = QS[®tz}T[cp}{i} (8) 

The specific signs for the aerodynamic damping and stiffness depend on the dynamic model and the 
aerodynamic force coordinate systems.  The formulation in Eqs. (2)-(8) is used by a number of 
organizations performing launch vehicle gust loads analyses. 



5.    Response Calculations 

Equation 5 was augmented with an autopilot simulation.  The equations of motion, which included 
modes to 20 Hz, the aerodynamic damping and stiffness properties, and the fully coupled autopilot, 
were numerically integrated using a fourth-order Runge-Kutta procedure.   Each simulation was run 
for 3.5 sec. of equivalent flight time, and response quantities and loads were recovered with response 
recovery transformation matrices.  For the heavy lift launch vehicle, a total of 125 coupled equations 
of motion were numerically integrated, and for the medium lift launch vehicle, a total of 61 equations 
were numerically integrated.  Figure 3 shows a typical rate gyro response time history for the 
medium lift launch vehicle; Fig. 4 shows the corresponding computed engine gimbal angle time 
history; and, Fig. 5 shows a typical bending moment time history.  The peak value from each load 
time history was recorded, and the analysis was repeated for the next forcing function. Table 1 
summarizes the number of gust cases. 

1       1.5      2      2.5 
Time (seconds) 

Figure 3. Typical medium lift launch vehicle computed rate gyro response. 
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0       0.5       1       1.5      2      2.5       3      3.5 
Time (seconds) 

Figure 4. Typical medium lift launch vehicle computed engine gimbal angle response. 
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0      0.5      1 1.5      2      2.5 
Time (seconds) 

3.5 

Figure 5. Typical medium lift launch vehicle computed bending moment response for peak 
bending moment station. 

Table 1. Number of Gust Cases 

Altitude Band 

(ft)  

Persistence 
Time (min) 

WR ER 

30 1090 1191 
32000-38000 45 1090 1190 

60 1090 1190 
30 1060 1190 

36000-42000 45 1060 1190 
60 1059 1190 
30 1053 1188 

38000-44000 45 1053 1188 
60 1053 1189 
30 1040 1176 

42000-48000 45 1040 1175 
60 1040 1176 
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6.    Statistical Analysis of Results 

For each altitude band, over 1000 turbulence/gust forcing function profiles were used in the Monte 
Carlo analysis.  From each calculated response time history the peak value was extracted.  For each 
parameter, the peak values were plotted on normal and gamma probability graphs.  The data followed 
a gamma distribution closely.   Figure 6 presents a typical histogram of the maximum bending 
moments obtained for the heavy lift launch vehicle peak bending moment station, and Fig. 7 presents 
a typical histogram for the medium lift launch vehicle.  Reference 23 describes, in detail, the 
nonparametric approach used to establish the 99.7 percent enclosure, 90 percent confidence level, 
values for each load parameter.  All results presented in this paper, unless otherwise indicated, are 
99.7 percent enclosure, 90 percent confidence level, values. 
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Figure 6.   Heavy lift launch vehicle peak pitch bending moment distribution for WR, 
38_44k ft altitude band. The data follow a gamma distribution. The mean 
and the 99.7/90 value obtained with the reference procedure" are also 
shown. 
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obtained with the reference procedure23 are also shown. 
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7.    Monte Carlo Gust Loads Analysis Results 

A number of significant results were obtained from the Monte Carlo study.  Each will be described in 
detail. 

7.1  Wind Measurement Time Effects 

As discussed in Refs. 21 and 22, the components of wind profiles that need to be considered as 
turbulent are a function of the difference between the time that the day-of-launch profile is measured 
and the time that the launch vehicle is launched.  The longer the time period, the longer the 
wavelengths of the components retained in the turbulence/gust profiles must be.  The forcing 
functions developed for this study corresponded to 30-, 45-, and 60-minute time periods. 

Figures 8-11 present, for the medium and heavy lift launch vehicles, bending moments for the three 
time periods discussed above.  The values presented are for the 38,000 to 44,000-ft altitude band, 
which for these vehicles generally yielded the highest loads.  Figures 8 and 10 present the results for 
the Eastern Range, and Figs. 9 and 11 present the results for the Western Range.  In these figures, the 
results obtained for two amplitudes of the 1-cosine synthetic gust profiles are shown with dashed 
lines. 

As can be ascertained from these figures, the loads for the longer time periods are higher.  This 
increase in loads is expected, since the longer time periods correspond to forcing functions that retain 
longer wavelength wind components. Also, it should be noted that the Western Range results are 10 
to 20 percent higher than the Eastern Range.  (Also see Figs. 14 and 15.)  Thus, one must conclude 
that turbulence/gust levels are different between the two coasts, with the Western Range being more 
severe. 

In each figure, loads obtained with the one-minus-cosine synthetic profile are also included.   In each 
case the wavelengths of the synthetic profiles were selected such as to coincide with the lower mode 
periods of vibration.  For the medium launch vehicle, several wavelengths up to 1000 ft were used, 
and for the heavy lift vehicle, several wavelengths up to 1500 ft were used. Two, one-minus-cosine, 
synthetic gust amplitudes were analyzed—the most widely used value of 30 ft/sec, and a value of 20 
ft/sec.  As can be ascertained from Figs. 8-11, the 30 ft/sec is more prudent than 20 ft/sec, although 
not always conservative. 
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-600   -300 1200 
Station 

Figure 8.   Medium lift launch vehicle pitch bending moment comparison for 30-, 45-, 
and 60-minute lack-of-wind-persistence times. Eastern Range, 38000-44000 ft 
altitude band. The data for the 1-cosine synthetic gust profiles are shown in 
dashed lines. 
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Figure 9.   Medium lift launch vehicle pitch bending moment comparison for 30- 

45-, and 60-minute lack-of-wind-persistence times. Western Range, 
38000-44000-ft altitude band. 
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Figure 10.   Heavy lift launch vehicle pitch bending moment comparison for stations 
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minutes. Eastern Range, 38000-44000-ft altitude band. 
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Figure 11. Heavy lift launch vehicle pitch bending moment comparison for stations 
aft of the payload fairing. Lack-of-wind-persistence times of 30,45, and 60 
minutes. Western Range, 38000-44000-ft altitude band. 

7.2   Effect of Altitude 

Figures 12 and 13 present, for the medium and heavy lift launch vehicles, bending moments for 
various altitude bands. The values were all calculated for the 30-min time period, which for the 
vehicles under consideration is the shortest time that currently can be achieved between when a 
profile is measured with balloons and placard calculations can be completed.  To facilitate 
comparisons between the various figures, the results for the one-minus-cosine synthetic profiles are 
also included. 
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Figure 13. Heavy lift launch vehicle pitch bending moment comparison, for vehicle 
stations aft of the payload fairing, showing the effects of altitude for the 
Western Range, lack-of-wind-persistence time of 30 min. 

As shown in these figures, there is a significant difference in gust loads obtained at the 42,000 to 
48,000-ft altitude band and the 32,000 to 38,000-foot band.  The results are consistent for both 
launch vehicles and both coasts, although the West Coast loads are higher. Also, whereas the 38,000 
to 44,000-ft altitude band yields loads that are comparable to the 42,000 to 48,000-ft band on the 
West Coast, on the East Coast the lower band loads are lower. 

It should be noted that, although not presented herein, results for the longer persistence time periods 
(45 min and 60 min) indicate that the 38,000 to 44,000-ft altitude band can provide loads that are 
comparable to those obtained at the higher altitude band with the shorter time period forcing 
functions. This observation is true for both the East and West coasts.  Therefore, one must not 
conclude that the 42,000 to 48,000-ft altitude band is always going to provide the highest gust loads. 

For the results presented herein, launch vehicle speed and dynamic pressure were kept constant in all 
analyses for all bands so that any load differences would be due solely to differences in turbulence. 
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Therefore, once vehicle speed and dynamic pressure changes with altitude are considered, the 
maximum turbulence/gust loads most likely will occur at a different altitude.  Figures 14 and 15 
summarize the maximum bending moment for each launch vehicle as a function of altitude.   As 
indicated earlier, the West Coast loads are higher than those of the East Coast. 

32-38 36-42 38-44 
Altitude Band (1000 ft) 

42-48 

Figure 14. Medium lift launch vehicle peak pitch bending moment comparison. Loads obtained 
with 30-min forcing functions. Western Range loads are higher than for the Eastern 
Range. The launch vehicle speed and dynamic pressure were assumed to be the 
same in each analysis. 
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Figure 15. Heavy lift launch vehicle peak pitch bending moment comparison. Loads 
obtained with 30-min forcing functions. Western Range loads are higher 
than for the Eastern Range. The launch vehicle speed and dynamic 
pressure were assumed to be the same in each analysis. 

7.3 Effect of Time of Year 

Figures 16 and 17 compare loads obtained with forcing functions that were derived from winds 
measured only in the months of November through January, and February through April, to loads 
that correspond to the summer months of June, July and August, for the Eastern and Western Ranges, 
respectively. The annual average loads are also included.  As can be seen, the turbulence in the 
November through April months yields loads that are significantly higher than in the summer 
months, and 10 percent higher than loads obtained when all 12 months are considered.  Therefore, 
for design purposes, the higher winter month forcing functions should be used. 
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Figure 16. Heavy lift launch vehicle pitch bending moment comparison for the peak bending 
moment station showing the effects of season for the Eastern Range, 38000- 
44000-ft altitude, lack-of-wind-persistence time of 30 min. The bending moments were 
normalized with respect to the annual value. The months of February-April yield higher loads 

than the annual average. 
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Figure 17. Heavy lift launch vehicle pitch bending moment comparison for the peak bending 
moment station showing the effects of season for the Western Range, 38000- 
44000-ft altitude, lack-of-wind-persistence time of 30 min. The bending moments were 
normalized with respect to the annual values. The months of February-April yield higher 
loads than the annual average. 
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8.    Discussion 

The Monte Carlo turbulence/gust loads analysis approach introduced in this paper has significant 
potential for more properly defining atmospheric turbulence/gust loads, and reducing unnecessary 
conservatism in day-of-launch placard calculations.24 However, the results presented in this paper 
should only be extrapolated with caution.  As discussed in Ref. 22, the turbulence/gust forcing 
functions are only appropriate for wavelengths greater than 500 ft.  Critical spacecraft loads are often 
obtained with gust profiles that include shorter than 500-ft wavelengths.  Therefore, at this time, the 
procedure presented here is not recommended for spacecraft gust load analysis, unless the critical 
loads are defined by wavelengths greater than 500 ft.  Otherwise, the generally accepted approach of 
a one-minus-cosine profile with a 30-ft/sec amplitude, and appropriate reduction factors for short 
wavelengths should still be used. 
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Conclusions 

A new Monte Carlo atmospheric flight gust loads analysis approach has been presented.  The 
procedure uses forcing functions that were derived by extracting the short-duration, turbulent 
components of measured wind profiles.   A large number of forcing functions were used in each 
analysis.  The results were analyzed statistically to establish the 99.7 percent enclosure, 90 percent 
confidence level, load values.  Results were presented for medium and heavy lift launch vehicles. 
Loads for various altitude bands, time of year, and for the Eastern and Western Range launch facilities 
in the United States were compared. Also, the Monte Carlo results were compared to a widely-used 
synthetic gust analysis approach. 
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A.   Appendix 

A.1   Synthetic Discrete Gust Profiles 

In the early days, sharp-edged and linear-ramp type gust profiles were used (Refs. 18, 19). Other 
types of synthetic gusts that have been considered include the triangular, the trapezoidal, and the sine 
gusts (Ref. 4).  The two most common synthetic gust profiles currently used today for launch vehicle 
loads analysis are the one-minus-cosine profile and the one-minus-cosine with a flattop profile 
(called the flattop profile).  Parameters that can be varied with these synthetic gust profiles include the 
amplitude and wavelength; e.g., for the one-minus-cosine profile, 

v(0: 

-2-(l-cos27r/ /)   for 0<t< 

for 

fa 
(A-l) 

fo 
<t 

and where/c = vRW/X is the gust frequency, vRW is the vehicle velocity, and X is the gust wavelength. 
Figure A-l shows the comparison between the one-minus-cosine profile and the one-minus-cosine 
with a flattop profile. 

200 400 600 
Wavelength (ft) 

800 1000 

Figure A-l. Comparison of one minus cosine and the one-minus-cosine flattop 
profiles, for a wavelength of 1000 ft. 
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A.2 Gust Amplitude 

The most widely used amplitude in launch vehicle loads analysis is 30 ft/sec, although some have 
suggested that 20 ft/sec might be a more appropriate value.  This obviously will depend on how the 
other load contributors are established and combined on the day of launch, the time of year the 
vehicle flies, which coast, and the type of vehicle. 

The 30-ft/sec gust amplitude has a long history, dating back to the early days of aviation.25 However, 
even though a United States federal regulation included the sharp edge gust amplitude of 30 ft/sec as 
early as 1933 for aircraft gust loads analysis, it is not clear whether it was from this source that the 30- 
ft/sec, one-minus-cosine gust amplitude for launch vehicles was derived. In fact, a 50-ft/sec gust was 
specified for missile design as early as 1959.15'26 

Smith and Adelfang27 theorized that the 30-ft/sec gust was derived from aircraft measurements taken 
in thunderstorms.    21t For launch vehicle gust considerations, NASA developed terrestrial climate 
guides, specifying a nine-meters/sec (approximately 30 ft/sec) flattop profile gust amplitude for 
design purposes.     291{l When combined with a severe wind shear, a reduction factor of 0.85 is 
recommended (Ref. 30).  It should be noted, as discussed below, that the flattop profile yields higher 
loads than the pure one-minus-cosine profile. 

A.3  Gust Wavelength 

With the synthetic gust profiles, the wavelengths are selected to tune the gust to the coupled system 
fundamental modes of vibration.  For heavy lift launch vehicles, gust wavelengths up to 1500 ft have 
been used.  Gust wavelengths for medium lift launch vehicles have typically ranged from 800 ft to 
1200 ft. Wavelengths as short as 200 ft, with appropriate attenuation factors, have been used for 
spacecraft gust loads analysis. 

It must be noted that one should not draw a direct relationship between the wavelength of these 
synthetic profiles and the features of actual wind profiles. The intent of the synthetic profiles is not 
to duplicate actual wind features, but to induce with a relatively simple profile, loads that are 
equivalent to those that would be encountered when flying through the complex waveforms of severe 
turbulence. 

A.4 Response Calculations 

In the response calculations, the synthetic gust profile is assumed to act normal to the vehicle 
longitudinal axis.  This results in a time-varying deviation from the relatively small vehicle angle of 
attack caused by the vehicle's motion through the atmosphere.  It is also assumed that the launch 
vehicle is immersed in the gust profile instantaneously.  Therefore, the gust velocity profile becomes 
a time-dependent modulation of the local angle of attack along the length of the vehicle.  It is also 
assumed that the launch vehicle structural dynamic and aerodynamic properties do not vary 
significantly and, thus, a model with fixed parameters, appropriate for the altitude of interest, is used. 
The equations of motion must be augmented with an autopilot simulation that yields the proper 
engine side forces. Otherwise, incorrect loads will result. 

Figure A-2 presents the bending moment diagrams for a medium lift launch vehicle that were 
obtained with the one-minus-cosine and the one-minus-cosine with flattop profiles.  The wavelength 
used was 1000 ft, and the amplitude was 30 ft/sec for both profiles.  As can be seen, the flattop profile 
yields loads that are up to 40 percent higher than the pure one-minus-cosine profile.   Comparable 
results were obtained for the heavy lift launch vehicle.  Figure A-3 shows for the heavy lift vehicle 
typical bending moment time histories obtained with the two profiles. 
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Figure A-2. Medium lift launch vehicle pitch bending moment comparison; a 
gust wavelength of 1000 ft and a gust amplitude of 30 ft/sec were 
used. 

Time (seconds) 

Figure A-3. Heavy lift launch vehicle pitch bending moment time history comparison 
for the peak bending moment station; a gust wavelength of 1500 ft and a 
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